Electrodes intended for neural communication must be designed to meet both the electrochemical and biological requirements essential for long term functionality. Metallic electrode materials have been found inadequate to meet these requirements and therefore conducting polymers for neural electrodes have emerged as a field of interest. One clear advantage with polymer electrodes is the possibility to tailor the material to have optimal biomechanical and chemical properties for certain applications. To identify and evaluate new materials for neural communication electrodes, three charged biomolecules, fibrinogen, hyaluronic acid ͑HA͒, and heparin are used as counterions in the electrochemical polymerization of poly͑3,4-ethylenedioxythiophene͒ ͑PEDOT͒. The resulting material is evaluated electrochemically and the amount of exposed biomolecule on the surface is quantified. PEDOT:biomolecule surfaces are also studied with static contact angle measurements as well as scanning electron microscopy and compared to surfaces of PEDOT electrochemically deposited with surfactant counterion polystyrene sulphonate ͑PSS͒. Electrochemical measurements show that PEDOT:heparin and PEDOT:HA, both have the electrochemical properties required for neural electrodes, and PEDOT:heparin also compares well to PEDOT:PSS. PEDOT:fibrinogen is found less suitable as neural electrode material.
I. INTRODUCTION
Electrodes artificially stimulating the nervous system are a powerful tool in the treatment of several diseases and traumatic conditions. The use of electrical signals to restore and replace lost body function has already proven a successful strategy in several applications such as the cochlear implant and deep brain stimulation and within the field of neuroprosthetics, extensive effort is placed into widening the span of applications for such electrode systems.
The key element in a neuroprosthetic system is the electrode/electrolyte interface which is the component translating signals from electronic form to ionic form, allowing transmission to target neural tissue, through ionic conduction in body fluids. A prerequisite for most neuroprosthetic systems is that stimulation and recording can be done selectively on smaller populations of neurons, which in turn mean that electrodes preferably should be implanted in proximity to the target tissue.
One of the main inhibitors of neural controlled prosthesis and artificial sensing today is the lack of electrode materials suitable for prolonged implantation and stimulation. Not only must every requirement of biocompatibility and biostability of the system be met, but it is of the utmost importance that pulses are kept within the electrochemical safety levels implied both by the electrode material and surrounding body fluids. 1, 2 Further, many applications are depending on a high number of individual electrodes to be implanted and miniaturization of these systems are therefore necessary. Higher electrode density increase possibility to stimulate selectively 3 and also most neural implants must be fitted into very restricted spaces. However, there is a conflict between miniaturized electrodes on one hand and high charge delivery on the other hand since most electronic to ionic transmissions are depending on capacitance at the electrode/electrolyte interface, implying a maximum reversible charge delivery proportional to electrode area. Finding materials allowing sufficient charge delivery from small electrodes is therefore an important step toward more sophisticated neuroprosthetic systems. Another point of attack would be to enable closer contact between electrode and target neuron, minimizing the signal needed to elicit the desired response.
Rapid progress within the field of organic electronics have lead to the development of stable conducting polymers possible to use within a wide set of applications including medical devices. The conducting polymer poly͑3,4-ethylene dioxythiophene͒ ͑PEDOT͒ has emerged as an interesting candidate for neuroelectronic interfaces, based on its excela͒ Electronic mail: maria.asplund@sth.kth.se lent conductivity and stability properties and indications on its good compatibility with biological structures. [4] [5] [6] PEDOT coatings have been shown to lower interfacial impedance on recording electrodes by several orders of magnitude 4, 7, 8 and increase charge delivery capacity through its hybrid charge transfer properties involving both electronic and ionic conduction. 5 The active surface area of PEDOT coatings can also be increased further through swelling into highly porous hydrogel electrodes permeable to electrolytes, thereby significantly increasing its charge storage and delivery capacity. 9 Nyberg et al. 4 reported hydrogel PEDOT electrodes with charge delivery capacities up to 0.34 mC/ mm 2 , which clearly exceed reported levels of state of the art activated iridium oxide film electrodes at ϳ0.1 mC/ mm 2 . 10 Furthermore, polymer coatings provide excellent opportunities to incorporate bioactive species into the electrode material itself, both for active and passive drug deliveries, implying that polymer electrodes can be useful both for improving charge delivery capacity and also biochemically encourage closer contact with target nervous tissue. 6 The softness of the polymer film is also believed to increase the chances of prolonged neuronal contact, 4 in contrast to hard metallic surfaces.
PEDOT can be electrosynthesized from aqueous solutions containing different kinds of doping anions. A common choice is polystyrene sulphonate ͑PSS͒, which due to its surfactant properties have been found to facilitate electropolymerization. 11, 12 The use of PSS is well established when working with PEDOT in organic electronics, but might on the other hand not be the best choice for creating a friendly environment for neural cells, considering its acidic and surfactant properties. Although it has been shown that cells can be cultured on top of PEDOT:PSS substrates, 13 the aim must be not just to ensure cell survival but actually encourage them to grow on the electrode material. Other ions, surfactants, 12, 14, 15 or nonsurfactants 11, 13, 16 can be chosen instead of PSS as counterion, and can be tailored to provide optimal conditions for implanted electrodes. Body fluids contain many ions of low molecular weight that can be used as counterions in the electropolymerization of PEDOT. The ionic conductance of PEDOT films does however partly depend on the counterion used in polymerization, and smaller ions tend to create PEDOT coatings with limited possibilities for conduction of larger ionic species. 11 If possible, larger counterions would therefore be preferable. It has previously been demonstrated that polypyrrole ͑PPy͒ can be deposited using peptides or proteins as counterions 17 and PE-DOT has been polymerized from peptides in acetonitrile solvent 18 and PEDOT-MeOH from peptide solution. 6 We believe a similar strategy should be applicable for a large selection of biomolecules using only aqueous solution and EDOT monomer.
To identify and evaluate new materials for neural electrodes, three charged biomolecules, fibrinogen, hyaluronic acid ͑HA͒, and heparin, have been paired with PEDOT as counterions in electropolymerization. These biomolecules are already present in abundance in tissue and are commercially available in larger quantities. HA is a glucosaminoglycan and an important component of the extracellular matrix also in neural tissue and has been found to enhance peripheral nerve regeneration. Heparin is a polysacccharide mainly known for its anticoagulant properties and to provide very hydrophilic surface coatings. Fibrinogen is a protein with a central role in the mechanism of coagulation and thrombosis. Previous studies have investigated PPy surfaces functionalized with immobilized HA 19 and heparin 20 as interesting substrates for tissue engineering and also successfully electropolymerized PPy with heparin 21, 22 or HA as counterion. 23 Here we show that it is possible to electropolymerize EDOT from aqueous solutions with these biomolecules as counterions, and also a large protein such as fibrinogen can be used. Cyclic voltammetry measurements confirmed that the amount of electroactive polymer deposited can be controlled by varying deposition charge as known for polymerization with other counterions. The toluidine blue assay was used to confirm that heparin and HA was incorporated in the polymer films and isotope staining ͑iodine-125͒ was used for the detection of fibrinogen. Films were analyzed further with both electrical impedance spectroscopy ͑EIS͒, scanning electron microscopy ͑SEM͒ and with contact angle measurements to study their wettability and surface roughness.
II. MATERIALS AND METHODS
Heparin sodium salt from porcine intestinal mucosa ͑202 units/mg͒ was purchased from Sigma-Aldrich, hyaluronic acid sodium salt from streptococcus equi was purchased from Fluka Biochemica, and fibrinogen obtained from citrated human plasma was purchased from Hyphen BioMed. Poly͑NaPSS͒ ͑MW CA 70000͒ was purchased from Aldrich. EDOT ͑Bayer AG͒ was dissolved in milli-Q water ͑purified to 18 M⍀ cm −2 ͒ at a concentration of 0.01M through an ultrasonic bath and subsequent stirring for at least 1 h. From this solution, three biomolecule solutions with 0.01M EDOT were prepared; 5 mg/ml heparin, 5 mg/ml fibrinogen, 1 mg/ml HA, and one solution with 5 mg/ml NaPSS. When incorporated into a neutral aqueous solution HA forms hydrogen bonds which leads to highly viscous solutions and this is the reason why a lower concentration of HA was chosen.
Polymerization, potentiometric recordings and cyclic voltammetry were performed using Autolab General Purpose Electrochemical system ͑GPES͒ and Autolab Frequency Response Analysis ͑FRA͒ system for impedance spectroscopy. All experiments were performed in a standard three electrode setup using a glassy carbon disk counterelectrode, an Ag:AgCl reference electrode and a platinum disk ͑2 mm 2 ͒ as working electrode; all purchased from Bioanalytical Systems Inc. Prior to polymerization, working and counterelectrode were polished with aluminum oxide ͑0.3 m͒ and rinsed with de-ionized water.
It is generally accepted that the amount of polymer built through electrochemical deposition is proportional to charge injected in the polymerization process and galvanostatic polymerization is therefore a convenient way to control the amount of electroactive material on the electrode. Current density should be set high enough to give stable polymerization without the risk of overoxidation of already deposited layers, and a current density of 0.2 mA/ cm 2 should fulfill these requirements. 24 A steady current of 4 A and varying deposition time in the range 100-2000 s was therefore chosen to grow polymer layers of different thicknesses. Two samples of each PEDOT:biomolecular composite was prepared at each data point and the formed polymer was investigated with cyclic voltammetry ͑CV͒ swept from −0.5 to 0.5 V at a rate of 0.1 V/s. Polymer electrodes deposited with 1.6 mC/ mm 2 were also subject to voltage pulsing to probe their current-time response. Pulse trains of 0.5 V cathodic pulses of 50 ms duration and a zero voltage intermediate interval of 200 ms were used and the resulting current response was analyzed as the average of the response of ten individual pulses.
EIS was used to study each polymer film in the interval 3 Hz-10 kHz for a sinusoidal signal of amplitude 10 mV at a bias of 0.2 V. Polymer films deposited with 0.6, 1.0, 1.6, and 2.0 mC/ mm 2 for PEDOT:PSS, HA, and heparin, respectively, and for PEDOT:fibrinogen at 0.4, 0.8, 1.4, and 1.8 mC/ mm 2 deposited on top of a 0.2 mC/ mm 2 PEDOT:NaCl-layer were investigated. Both CV and EIS were performed in 0.1M KCl, if not stated otherwise, purged with nitrogen for at least 15 min before measurements and in a homemade Faradays' cage. Prior to EIS, polymer films were conditioned through 20 sweeps of cyclic voltammetry and when studying the same polymer films in KCl and NaPSS, films were first measured upon in KCl, then conditioned with 20 sweeps in NaPSS before measurement. EIS data were fitted with equivalent circuits using AUTOLAB FRA software. The presence of heparin or HA in the polymer was confirmed through measuring the extraction of toluidine blue from aqueous solution as described by others. 19, 21, 22, 25, 26 Toluidine blue is a metachromic dye that produces colored precipitates with heparin and HA. This can be quantified through measuring absorbance at 631 nm of solution which is reversely proportional to the loss of dye and thereby concentration of heparin or HA. Toluidine blue ͑Sigma-Aldrich͒ solution was dissolved, 16 mg to a 100 ml with 0.2% ͑w / v͒ NaCl and 0.01M HCl for the heparin assay. It should be noted that toluidine blue does not give precipitate with HA at pH lower than 3.3 27 and therefore a separate toluidine blue solution with pH 4 was prepared for this purpose. Standard curves of solution absorbance were obtained through mixing 0.4 ml water of known concentration of biomolecule with 0.6 ml toluidine blue solution. After mixing, 0.6 ml n-hexane was added and solution was shaken vigorously so that precipitate was extracted into the organic layer. Absorbance of the aqueous phase was measured using 10 mm quartz cuvettes at a Perkin Elmer spectrophotometer 9. A linear relationship between absorbance and biomolecule concentration was determined in the concentration range 10-100 g / ml. For measurement on polymer layers, platinum electrodes with electrodeposited PEDOT:biomolecule layers were soaked in 0.4 ml water mixed with 0.6 ml toluidine blue solution for 40 min and shaken with n-hexane as described above. The incorporation of fibrinogen was confirmed through staining fibrinogen with iodine-125 and measure activity of gold electrodes coated with PEDOT:fibrinogen, on a Cobra II Auto-Gamma reader.
For the study of surface wettability and roughness, electrodes with larger surface area were prepared through the evaporation of gold ͑2 kÅ͒ on top of chrome ͑25 Å͒ on glass through a shadow mask and polymer was deposited electrochemically with 1.8 mC/ mm 2 . Such probes were also used for the iodine-125 assays. On some samples, gold was sputtered on top of the electrodeposited PEDOT films to enable the use of SEM to study the surfaces microstructure.
III. RESULTS
Galvanostatic polymerization was successful from both EDOT:heparin and EDOT:HA solutions and layers with the characteristic deep blue color of PEDOT was grown over the full interval 0.2-4 mC/ mm 2 . From chronopotentiometric recordings ͑Fig. 1͒ during the process it could be seen that all polymerizations took place in a similar manner although required potential varied slightly between samples. Voltage initially increased until a peak, here denoted u max , and was then lowered to a steady state, u ss , for the remaining deposition time. Details of the polymerization for each counterion can be found in Table I and sample curves can be seen in Fig. 1 . In general, polymerization took place at lower voltage for heparin solution than for HA or fibrinogen. From previous studies, low oxidation potential is expected when Na:PSS is used as supporting electrolyte. This is believed to be a consequence of the surfactant properties of PSS − facilitating solubilization of the hydrophobic EDOT, as has been observed for surfactant anions by others. 11, 12, 14 Interestingly, heparin as counterion gave oxidation potential similar to that of NaPSS and polymer films could be grown reliably over the full interval. Polymerization from EDOT:fibrinogen solutions was however problematic. In most cases, voltage never reached steady state but continued to increase indicating that a nonconducting layer of some kind was formed, blocking the surface. In these cases we could also not observe any blue polymer formation on the surface. Sometimes, polymerization did however start off in a similar manner as for the other electrolytes, and could continue in the same manner as observed for the other counterions.
Fibrinogen is known to quickly adhere and bind tightly to metal surfaces in continuous layers. [28] [29] [30] It is therefore not surprising that a platinum electrode lowered in a fibrinogen solution of concentration 1 mg/ml is quickly blocked by adsorbed proteins, efficiently insulating the surface. Several paths to impede fibrinogen adsorption on to the surface were tried out, e.g., pretreating the surface with oxygen plasma, allowing the solution to age for a week to make the fibrinogen less active, or ensuring that surface was positively biased at all times in solution since fibrinogen has been shown to adhere slower and with lower coverage on positively charged platinum surfaces. 29 Despite these efforts, consistent polymer growth could not be achieved and we therefore decided to polymerize on a surface with less affinity for fibrinogen, i.e., not a metal surface, and to lower fibrinogen concentration from the initial 5 to 1 mg/ml. The platinum surface was first galvanostatically coated with PEDOT from 0.01M EDOT aqueous solution in a 5 mg/ml supporting NaCl electrolyte ͑100 s, 4 A͒. On condition that surface was positively biased at all times in fibrinogen solution, polymer with deposition charges up to 2 mC/ mm 2 could successfully be grown from the EDOT/fibrinogen solution on top of the PEDOT-:NaCl polymer. It was crucial that the polymerization process started immediately when surface was lowered in water for the surface not to be blocked. It should however be noted that the measurements obtained for these coatings describe the PEDOT/NaCl/PEDOT/fibrinogen as a complex and PEDOT/fibrinogen coatings could therefore not be analyzed as a stand alone material.
Cyclic voltammograms revealed no clear oxidation or reduction peaks over the interval −0.5 to 0.5 V, and a highly capacitive behavior was confirmed for all polymer films ͑Fig. 2͒. The area enveloped by the sweep of the CV curve, Q CV , is proportional to the amount of electroactive polymer deposited and can also be used as a measure of charge storage capacity of the electrode. 31 CV curves were therefore integrated with respect to voltage over the cathodic sweep and normalized by sweep rate 0.1 V/s, yielding Q CV . A consistent growth of electroactive polymer over time should yield a linear relationship between area of the cyclic voltammogram and deposition charge. This is also confirmed by data ͑Fig. 3͒, where Q CV was found to increase proportional to applied deposition charge for all four counterions, which is in good agreement with previous studies. 4, 11 Maximum deposition charge studied for PEDOT:heparin and PEDOT:HA was 4 mC/ mm 2 ͑deposition time, 2000 s͒ but there is no reason to believe this should be considered an upper limit. We observed however that very thick polymer layers more easily delaminated from the underlying surface and had to be handled with care. For fibrinogen we did experience difficulties with growing thicker films, presumably because the conductivity of the PEDOT:fibrinogen polymer was lower, and therefore too thick layers seemed to build a barrier requiring more voltage to be applied to pass the same current. After a certain threshold was reached, the high voltage started overoxidizing already deposited polymer and impedance increased dramatically. Maximum deposition charge for PE-DOT:fibrinogen studied here was therefore 2 mC/ mm 2 .
A. EIS
EIS at a sinusoidal signal E dc of amplitude 0.2 V was performed in 0.1M KCl͑aq͒ for PEDOT:biomolecular films polymerized galvanostatically with 4 A for 300, 500, 800, and 1000 s, respectively, and in 0.1M NaPSS͑aq͒ for the 800 s polymer films. From the impedance plot in Fig. 4 it can be seen that for PEDOT:heparin and PEDOT:HA, from lowest to highest frequency the impedance goes from mainly capacitive to mainly resistive, with a deviation at intermediate frequencies resembling the 45°angle of a Warburg diffusion element. The low and intermediate frequency part of the spectra is related to ion diffusion and redox capacitance in the polymer film as described by previous authors. 11, 32, 33, 47 The Warburg region is slightly longer for PEDOT:heparin than PEDOT:HA and PEDOT:PSS which indicates higher ionic resistance of PEDOT:heparin.
PEDOT:fibrinogen overall has the same behavior for increasing frequencies but there is also a high frequency semicircle seen ͑Ͼ440 Hz͒ similar to the findings presented by Danielsson et al. 34 ͑2004͒ for PEDOT studied in bulky organic liquids and by Cui et al. 17 ͑2001͒ for PPy doped with a silklike ProNectin F. At very high frequencies ͑Ͼ2300 Hz͒ a slight semicircle can be seen also for the thicker films ͑more than 1 mC/ mm 2 ͒ of PEDOT:HA. Apparently some processes that were not detectable for PEDOT:PSS or PEDOT-:heparin have here become slow enough to be visible also in the frequency range studied here.
Comparing spectra from the same electrode in 0.1M KCl and in 0.1M NaPSS ͑Fig. 5͒ the general appearance is similar although the length of the Warburg-like region is increased in NaPSS. This can be interpreted as a stronger influence of diffusion related processes such as ionic conductivity in the bulkier electrolyte. 32 Solution resistance in 0.1M NaPSS is expected to be more than double the solution resistance of 0.1M KCl, but for comparison, the impedance plots have been shifted to the same intersection with the real axis in Fig.  4 . An arbitrary shift to separate impedance of different PE-DOT films was also applied to some of the curves.
B. Equivalent circuit
Through fitting an equivalent circuit to impedance spectra it is possible to extract solution resistance and study only the parameters related to the properties of the polymer films. The model suggested by Bobacka et al. 11 containing the solution resistance in series with a capacitance and the bounded Warburg diffusion element ͑here model 1͒ did not provide good fits ͑ 2 Ͼ 0.28͒ to experimental data, especially in the high frequency semicircular region, and we therefore chose the extended model suggested by Danielsson et al., 34 here denoted model 2, containing also a capacitor in parallel with a resistance ͑Fig. 6͒. The initial values of R S , Z D , and C d when fitting model 2 was however set to be the best fit for model 1. Model 2 was found to give good fit ͑ 2 Ͻ 0.01͒ to all experimental data, which was also confirmed through visual inspection ͑Fig. 7͒.
The physical interpretations of each element are as follows: the solution resistance R S , the double layer capacitance 
͑1͒
Numerical values of these elements after fit to experimental data can be found in Table II . Since two measurements were made at each deposition charge the values presented are the mean of these two measurements.
C. Capacitance
C d was found to increase proportional to deposition charge for all PEDOT films. For all materials C D also increased with deposition charge apart for PEDOT:fibrinogen that on the contrary shows a decrease in C D when the film grows thicker. For all thicknesses and molecules, C D ӷ C d meaning that the total interfacial capacitance C tot =1/ ͑1 / C D +1/ C d ͒ is dominated by the electronic contribution to the bulk redox capacitance. 11 As a consequence, total interfacial capacitance C tot =1/ ͑1 / C D +1/ C d ͒ increases linearly with increasing film thickness for all PEDOT:biomolecular composites as can be seen in Figs. 8 and 9 .
Capacitance can also be calculated from cyclic voltammograms as C CV = I / , where is the sweep rate and I is the average of the anodic and cathodic currents at V = 0.2 V. C CV measured did follow the same linear increase with deposition charge and was in the same range as C tot . The ratio FIG. 7 . Equivalent circuit compared to measurement data for PEDOT:HA measurement ͑ ‫ء‬ ͒ and fit ͑छ͒, PEDOT:PSS measurement ͑Ϫ͒ and fit ͑᭺͒, PEDOT:heparin measurement ͑+͒ and fit ͑᭝͒, and PEDOT:fibrinogen measurement ͑ϫ͒ and fit ͑ᮀ͒.
TABLE II. Elements calculated from model 2 equivalent circuit fitted to impedance spectroscopy data ͑3 Hz-10 kHz͒ and from cyclic voltammetry at sweep rate of 0.1 V/s.
Counterion
Electrolyte C CV / C tot was in general more than 1 for the thicker films ͑Q dep Ͼ 1 mC/ mm 2 ͒and less than 1 for Q dep ഛ 1 mC/ mm 2 . C CV 's larger than C tot would be expected, 11 an effect believed to be the result of the different behaviors of the PE-DOT film at a relatively low sweep rate enabling also slower redox reactions to contribute to the total current response. Considering Bobacka et al. studied films thicker than 0.7 mC/ mm 2 , our result is still in good agreement with their measurements. They also reported C CV / C tot ratios larger than 2 for films with restricted ion transport in the polymer film. The fact that our measurements show ratios close to 1 is indicates that the PEDOT:biomolecular films has good ion transport properties in KCl electrolyte.
D. Resistances and D
The mean R S calculated from all 32 measurements in 0.1M KCl was 278 ⍀ with standard deviation R S =53 ⍀ and in 0.1M NaPSS 565 ⍀, R S = 64. As can be seen from Table II , R D was found to be independent of film thicknesses for all combinations apart from PEDOT:fibrinogen, where a higher diffusion resistance was seen as the films grew thicker. R D for PEDOT:fibrinogen was also found to be an order of magnitude higher than for the other materials. Diffusional time constants were in the range 0.6-1.7 s for PE-DOT:fibrinogen and 0.03-0.15 s for all the other PEDOT films indicating also slower ion transport in PEDOT:fibrinogen.
E. Potentiometric measurement
As can be seen from Fig. 10 , the current response to 0.5 V cathodic pulses was first a negative current in the milliampere range during the pulse and an anodic recharging current during the subsequent 200 ms of 0 V. If current is integrated with respect to time during the 0.5 V charging pulse and compared to the charge in the anodic recharging current over the 150 ms following, the areas are approximately equal. The residual current after the 150 ms is less than 25 A for all the PEDOT:biomolecules which is less than 2% of the maximum current during discharge. The total charge during the 150 ms discharge is as follows ͑the average of ten measurements for each of the two electrodes͒: PEDOT:heparin 21 C, PEDOT:HA 18 C, PEDOT:fibrinogen 6.5 C, and PEDOT:PSS 25 C.
F. Surface studies
Wettability of the surfaces was studied with a CAM 200 goniometer ͑KSV Instruments, Helsinki Finland͒ and static contact angles were measured at two points per sample and at least four samples of each material. From Table III it can be seen that the standard deviation between measurements was high which might indicate rather rough surfaces. SEM also revealed surfaces with a porous structure that increased from rather smooth in 60 000 times magnification when PSS had been used as counterion, to more porous for PEDOT:heparin and PEDOT:HA, to very rough with large pores of several 100 nm for PEDOT:fibrinogen ͑Fig. 11͒. One should bear in mind that SEM is performed on the film in its dried state and its appearance when swelled in solution might be quite different. Atomic force microscope can be used to study the film also in its swelled state 5 but is beyond the scope of this article.
G. Toluidine blue assay and iodine-125 staining
Toluidine blue assay showed that PEDOT:heparin and PEDOT:HA probes had 9 and 12 g / cm 2 biomolecules exposed on the surface, respectively. As stated by others 21 not all heparin or HA incorporated in the film will be accessible to the toluidine blue but only a fraction of the actual biomolecule content will be detected by the assay. Iodine-125 stained fibrinogen should however reveal all fibrinogen incorporated in the film. Two samples ͑0.25 cm 2 ͒ at three different deposition charges, 90, 180, and 270 mC/ cm 2 and also two samples ͑0.125 mm 2 ͒ at 90 mC/ cm 2 were evaluated. Estimated fibrinogen content was in the range of 0.1 g / cm 2 . Surprisingly, there was low correlation ͑ = 0.23͒ between deposition charge and fibrinogen content. Larger surface area did however correlate with increased fibrinogen content ͑ = 0.90͒ although the number of samples was small. This shows that fibrinogen is incorporated in the film but not as a counterion in the polymerization process but mainly through passive adsorption to the surface.
IV. DISCUSSION
We have shown that it is possible to electropolymerize PEDOT from EDOT solution using electrolytes based on biomolecules. The amount of polymer deposited can be controlled by the charge applied during electropolymerization and the capacitance of the polymer layer increases with increasing deposition charge. EIS data could successfully be fitted with equivalent circuit model 2 and analysis of its respective components give information of the electrochemical events in the PEDOT:biomolecular films.
The Nyquist plot together with the equivalent circuit showed that PEDOT:HA and PEDOT:heparin has an overall behavior similar to PEDOT:PSS in 0.1M KCl. The increase in D with film thickness followed a linear relationship for all polymer films rather than a squared increase, which would be the case if diffusion length coincided with film thickness. As stated by previous authors the physical interpretation of this would be that the film also contains a significant amount of electrolyte which can diffuse through the porous structure of the film. 11, 18 Ionic conductivity in electropolymerized PEDOT:PSS films has been shown to follow a two phase structure. Electrolyte filled pores in the film are interconnected with perm selective polymer aggregates implying the respective resistances of each phase are connected in series. 36 Ionic resistance is expected to be dominated by conductivity in the pores 32 so that higher ionic conductivity would correlate with greater porosity. Solution resistance in 0.1M NaPSS is approximately double the resistance of 0.1M KCl which should yield a higher ionic resistance in the former electrolyte due to lower conductivity in the pores. When evaluating ionic conductivity for the different PEDOT materials we did however see different behaviors from all three cases. For PE-DOT:HA, R D in KCl was lower for than for any of the other materials which would yield a film of high porosity and hence good ionic conductivity. Despite this, ionic resistance increased more than five times when changing to NaPSS electrolyte. Corresponding R D ͑NaPSS͒ / R D ͑KCl͒ ratio for PEDOT:heparin was 2.3 and for PEDOT:PSS was 2.7. A possible explanation could be that the perm selective phase is instead limiting for PEDOT:HA in the bulkier electrolyte, and PSS − cannot enter the PEDOT:HA polymer phase. For PEDOT:fibrinogen, equivalent circuits showed R D five to ten times greater than for the other films and hence low ionic conductivity of the PEDOT film. SEM on the other hand showed a very open morphology and also the change to a bulkier electrolyte did not affect R D differently than for the other films ͓R D ͑NaPSS͒ / R D ͑KCl͒ was 1.6͔. In this case, ionic conductivity seems to be limited by the polymer phase irrespective of electrolyte. PEDOT:fibrinogen also has a different impedance behaviors in other aspects apart from the high values of R D . C D decreases with growing film thickness unlike for the other counterions and CV scans shows a lower yield of electroactive polymer from polymerization. The Nyquist plot has a pronounced high frequency semi circle indicating slow charge transfer over the polymer/electrolyte interface.
The probable interpretation is that a significant amount of a non conducting or at least low conducting material is built into the PEDOT:fibrinogen film. If a nonconducting phase was also incorporated in the polymer; electrolyte diffusion in pores could still be large while the insulating components would limit diffusion between pores, giving low ionic conductivity of the film. The insulating phase would limit the available sites for charge transfer and thereby increase resistance and decrease the amount of polymer that can contribute to the redox capacitance. Nonconducting film components could be caused by a higher potential during polymerization of PEDOT:fibrinogen, which could contribute to undesired side reactions. However the polymerization potential in EDOT:HA solutions was of the same magnitude and also the amount of side reactions is expected to be low for voltages less than 1.05 V, 16 so this could not be the explanation. We believe instead that the reason is a competitive adsorption of fibrinogen to the surface in parallel with the polymerization process. This is also in accordance with results from iodine-125 staining showing no correlation between polymerization time and the amount of incorporated fibrinogen.
For implanted stimulating electrodes it is of great importance to deliver charge pulses into tissue using reversible effects for charge transfer and keep irreversible Faradaic reactions at a minimum. For most electrodes ͑not valence change electrodes͒ the main mechanism available for this is the capacitive charging and discharging of the Helmholtz double layer. High capacitance of the electrode/electrolyte interface is therefore desirable and will be the main limiting factor for electrode miniaturization. There is no absolute charge delivery threshold that must be reached for a material to be considered for stimulating electrodes but the required charge varies greatly with application. In general it can however be said that miniaturization of electrodes opens up for less invasive implants and more individual communication channels which, in turn, increases selectivity of both recording and stimulation. In this respect, miniaturization of electrodes will be the step needed to make more exquisite neuroprosthetic applications possible.
Required charge to elicit a desired neural response is not a well known fixed quantity but depends on a large set of parameters like proximity to the target neural structure, stimulation frequency, if cathode or anode pulse is applied first, desired effect of stimulation and also properties of the neural tissue itself. Neuroprosthetics includes applications with stimulation of peripheral nerves, cranial nerves, as well as direct stimulation of cortical neurons and the prerequisites for these applications vary widely.
To give some figures of merit Cogan et al. 10 suggested that small area electrodes ͑Ͻ2000 m 2 ͒ should be able to deliver at least 5 C / mm 2 to be considered for neuroprosthetics concerning stimulation in the central nervous system, while in earlier literature statements of desired charge densities as high as 100 C / mm 2 can be found. 37 In the peripheral nervous system, several different scenarios exist. Implanted electrodes can be placed both outside the nerve trunk, as with cuff electrodes or intrafascicularly. Through intrafascicular electrodes, stimulation at lower threshold charges can be achieved and higher selectivity can also be expected, assuming electrodes can be made small enough to allow complete electrode array systems to be implanted. Placing electrodes on a cuff makes it possible to use larger electrode surfaces than for penetrating structures, which must be thin not to create harmful tissue displacement within the nerve. On the other hand, stimulation charge must be higher to transfer charge also through the epineural sheath. Branner et al. 38 compared cuff electrodes and intrafascicular electrodes through stimulating the cat sciatic nerve and according to their findings, the mean charge needed to produce maximum recruitment response for intrafascicular platinum electrodes of area 0.005 mm 2 was 6.3 nC ͑1.26 C / mm 2 ͒ and also reported that the stimulation currents needed were "an order of magnitude smaller" than those evoked with the cuff electrode. In a study of phosphene threshold for a blind volunteer stimulated with a cuff electrode round the optic nerve, it was observed that depending on frequency and pulse duration, thresholds were within 2.5-50 nC delivered from electrodes of contact area 0.2 mm 2 ͑0.0125-0.25 C / mm 2 ͒.
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The retina implant is a demanding application with respects to charge delivery considering that functionality of a visual prosthetics is depending on a high number of pixels, at the very least a 25ϫ 25 matrix, to be fitted into a restricted space. [40] [41] [42] At the same time stimulation charge must be high enough to traverse the retina and reach spiral ganglions giving that charge delivery requirements sets a lower limit for electrode density and thereby pixel density of the vision system. Reasonable size for a retinal implant is around 3 ϫ 3 mm 2 ͑the fovea diameter is ϳ1.5 mm͒ so 625 electrodes could be fit into the implant if electrode diameter is less than 100 m. Keeping in mind that the diameter of ganglion cells is in the range 10-20 m, 43 diameters in the range 25-100 m seem reasonable even though the smaller diameter would be preferred for higher resolution. 44 Thresholds for epiretinal stimulation with large surface electrodes ͑Ͼ500 m diameter͒ has been determined to be less than 3.5 C / mm 2 . 45 An in vitro method on chicken retina suggests subretinal threshold charges in the range 0.4-0.7 nC from very small electrodes ͑10 m in diameter͒ which yields a charge density of 5 -9 C / mm 2 .
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From potentiometric measurements we have shown that we can deliver charges in the range 6.5-21 C / mm 2 from our PEDOT electrodes deposited with at least 1.6 mC/ mm 2 . This is not an empirically determined maximum charge delivery capacity but rather an estimate of how much charge we actually deliver if kept within reasonably safe polarization boundaries. Previous articles on the stability of PEDOT have shown that it can be polarized at 0.4 V for 16 h and still keep major part of its electroactivity. 24 Pulse shape, frequency, and duration as well as the environment in which the electrode is placed will influence its electrochemical stability and to give a good estimate on maximum charge delivery, long term stimulation, and subsequent stability evaluation should be performed but is beyond the scope of this article. The charge delivered from our 1.6 mC/ mm 2 PEDOT films is in the range of the charge per area required for the applications described above. Higher deposition charges can be used to build thicker polymer films and get higher charge delivery if required. 4 PEDOT films with charges as high as 40 C has successfully been grown 33 which if normalized with surface area, yields a deposition charge of 32 mC/ mm 2 . One should keep in mind that they use microsized probes and more than double current density ͑0.5 mA/ cm 2 ͒ and also the choice of counterion will influence the growth pattern of the polymer. It is however a good indication of that PEDOT films can be grown quite thick and still keep a rather open morphology. PEDOT layers deposited electrochemically from monomer solution can also be made more permeable to the electrolyte as shown with hydrogel electrodes. 9 This would further increase the electrolyte contact and the amount of polymer that can contribute in charge delivery and should bring us closer to the 0.34 mC/ mm 2 reported by Nyberg et al. ͑2002͒.
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V. CONCLUSIONS
The charged biomolecules heparin and HA can be used as counterions in the electrochemical deposition of PEDOT from aqueous EDOT solution. PEDOT can also be electropolymerized in the presence of fibrinogen, but it is plausible that fibrinogen itself does not take part in the polymerization process and is passively adsorbed to the surface in parallel with the polymerization process. The choice of counterion influences both the electrochemical properties and microstructure of the resulting PEDOT film significantly. Heparin and HA give films similar to PEDOT:PSS while PEDOT deposited from fibrinogen solution have lower conductivity. The highest yield of electroactive polymer was given by PE-DOT:heparin which showed polymerization potential almost as low as PEDOT:PSS. Even if PEDOT:HA showed the highest ionic conductivity in KCl it appeared much more resistive in the bulkier electrolyte. We therefore propose PE-DOT:heparin as an interesting alternative to PEDOT:PSS for implanted electrodes. The hydrophilic properties provided by the heparin might also enhance neuron ingrowth toward the electrode. Further experiments on biocompatibility, activity of incorporated heparin and stability of the PEDOT:heparin complex will be the focus of future studies.
